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Hybrid nanostructures of magnetic iron nanoparticles and graphene oxide were
synthesized and used as nanosupports for the covalent immobilization of β-glucosidase.
This study revealed that the immobilization efficiency depends on the structure and
the surface chemistry of nanostructures employed. The hybrid nanostructure-based
biocatalysts formed exhibited a two to four-fold higher thermostability as compared to
the free enzyme, as well as an enhanced performance at higher temperatures (up to
70◦C) and in a wider pH range. Moreover, these biocatalysts retained a significant part
of their bioactivity (up to 40%) after 12 repeated reaction cycles.
Keywords: bioconjugate, immobilization, graphene, magnetic nanoparticles, nanoscaffold
INTRODUCTION
Over the last decades, nanobiotechnology, which combines the synergistic interactions between
nanotechnology and biotechnology, has been an emerging field for the design of innovative
nanosystems with potential applications in biosensing, bioenergy, bio-imaging, and biocatalysis
(Verma et al., 2012). In biocatalysis, the development of novel nanobiocatalytic systems through
the immobilization of enzymes on nanoscale materials attracted much scientific interest and their
potential for applications in various industrial fields were recognized. The immobilization of
enzymes on nano-sized materials leads to desirable nanobiocatalysts due to the higher enzyme
loading capacity achieved, the enhanced mass transfer efficiency, and the stabilization that
nanomaterials provide (Pavlidis et al., 2012b; Patila et al., 2016b).
Among the different types of nanomaterials used for this purpose, carbon-based materials such
as graphene, a two-dimensional (2D) carbon sheet with single-atom thickness, and graphene oxide
(GO), its oxidized derivative, have been used for enzyme immobilization (Pavlidis et al., 2014).
Their distinctive characteristics in terms of surface structure, excellent electrical, chemical, and
mechanical properties, as well as their ability to affect the microenvironment of biomolecules
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like proteins make them ideal supports for enzyme
immobilization (Zhang et al., 2010; Pavlidis et al., 2012a, 2014).
Moreover, the possibility to further functionalize their surface
with desirable functional groups (such as epoxide, carboxylic,
hydroxyl, and amine groups) results in the specific/targeted
immobilization of the enzymes (Li et al., 2013; Sehat et al.,
2015; Patila et al., 2016a). Several studies have been carried out
to investigate the covalent or non-covalent immobilization of
various enzymes on GO-based nanomaterials (Shen et al., 2010;
Hermanová et al., 2015).
On the other hand, magnetic nanoparticles represent a family
of nanoscale materials of great interest that have been broadly
utilized as carriers for enzyme immobilization (Xu et al., 2014;
Ahmad and Sardar, 2015). Magnetic nanoparticles are a class
of particulate materials (size <100 nm) that can be handled
under the influence of a magnetic field. They usually consist
of magnetic cores, such as iron, nickel, cobalt, or their oxides
such as magnetite (Fe3O4), maghemite (γ-Fe2O3), cobalt ferrite
(Fe2CoO4), chromium di-oxide (CrO2) (Indira, 2010). Enzyme
immobilization on magnetic nanoparticles provides substantial
competitive advantages such as a high specific surface that
increases the amount of bound enzyme, less mass transfer
resistance and fouling, but also simple and selective separation
of the immobilized enzymes from the reaction medium through
the implementation of an external magnetic field (Huang et al.,
2003). The functionalization of magnetic nanoparticles with
carbon-based nanomaterials has recently attracted great interest
as the resulting hybrid nanomaterials combine the properties of
both building blocks. These hybrids can be applied in enzyme
immobilization (Jiang et al., 2012; Gokhale et al., 2013) as well
as in drug delivery (Yang et al., 2009; Mahmoudi et al., 2011).
In the present study, hybrid nanomaterials of magnetic iron
nanoparticles and GO, as well GO-derivatives, were synthesized
and used as nanosupports for the covalent immobilization of
β-glucosidase. β-Glucosidases (β-D-glucoside glucohydrolase,
EC 3.2.1.21) are found in both prokaryote and eukaryote
organisms, where they catalyze the hydrolysis of glycosidic
bonds of disaccharides, oligosaccharides, and alkyl- and aryl
β-glucosides under physiological conditions. Moreover, under
certain conditions, they catalyze the synthesis of glycosyl bonds
(Bhatia et al., 2002; Chang et al., 2013). β-Glucosidases (bgl)
are well-characterized, biologically important enzymes, and have
potential for many biotechnological applications, such as biofuel
and ethanol production, flavor improvement, and release of
aromatic compounds in wine making (Singh et al., 2016; Ahmed
et al., 2017). The aim of this work focuses on the investigation
of the effect of structural characteristics deriving from different
synthetic procedures of hybrid GO-magnetic nanoparticles on
the catalytic behavior of bgl. The synergistic interactions between
magnetic iron nanoparticles and GO and their effect on the
catalytic properties (activity, stability, reusability) of the enzymes
are still under investigation giving rise to a continuously
evolving field. The novel hybrid GO-magnetic nanoparticle
nanostructures formed were characterized by X-ray diffraction
(XRD) and thermogravimetrc analysis (TG/DTA), while the
nanobiocatalysts formed (the hybrid GO-magnetic nanoparticle
nanostructures containing β-glucosidase) were studied by atomic
force microscopy (AFM). The investigation of the catalytic
behavior, the thermal stability, and the reusability of these novel
nanobiocatalysts indicated that they can be effectively used for β-
glucosidase immobilization, resulting in robust nanobiocatalysts
with potential applications in various biocatalytic processes.
MATERIALS AND METHODS
β-Glucosidase (bgl) from almonds was purchased from Sigma–
Aldrich (St. Louis, MO) and used without further purification.
The Glucose Assay Kit was purchased from Sigma–Aldrich
(St. Louis, MO). p-Nitrophenyl-β-D-glucopyranoside (pNPG),
(3-aminopropyl)triethoxysilane (APTES), nitric acid (65%),
potassium chloride, oleylamine (98%), and Iron(III)Nitrate
nanohydrate (98%) were purchased from Sigma–Aldrich
(St. Louis, MO). Glutaraldehyde solution 25% for electron
Microscopy was purchased from Merck KGaA Darmstadt,
Germany. Graphite (purum powder, ≤0.2mm) was purchased




Graphene oxide aqueous dispersions were synthesized from
graphite powder as reported elsewhere (Staudenmaier, 1898;
Enotiadis et al., 2012). Briefly, 5 g of graphite powder were
added to a solution consisting of 200mL of H2SO4 (95–97%)
and 100mL of HNO3 (65%) while cooling in a bath (0◦C). To
this solution, powdered KClO3 (100 g) was added slowly under
continuous stirring and cooling. After 18 h the oxidation product
was washed with distilled water until the pH reached 6. The final
product was dried at room temperature.
Synthesis of GO-C2-NH2
GO was further functionalized with ethylene diamine to provide
free –NH2 groups on its surface (this product was labeled
GO-C2-NH2). Two hundred and fifty milligrams of GO were
dispersed in 250mL of distilled water and left under stirring for
24 h at room temperature. At the same time, 750mg ethylene
diamine was dissolved in 250mL distilled water. The ethylene
diamine solution was added dropwise to the GO dispersion
and the mixture was incubated at room temperature for 24 h.
The modified GO was washed with distilled water, separated by
centrifugation, and air-dried at room temperature.
Synthesis of γ-Fe2O3 Nanoparticles (γFe)
Organophilic iron nanoparticles were prepared using a
thermolysis method based on the thermolytic decomposition
of an iron nitrate precursor [Fe(Nitrate)], using oleylamine
(OA) both as a solvent and a capping agent (Tzitzios et al.,
2007, 2008). In a typical synthesis of small-scale nanoparticles,
0.25 g [Fe(Nitrate)] were dispersed in 20mL oleylamine at 80◦C
for 30min, under continuous magnetic stirring. When the
mixture became a clear solution, the temperature was raised at
250◦C for 1 h. Then, the reaction mixture was allowed to cool
to room temperature. The dark brown iron nanoparticles were
washed with 50mL ethanol and the precipitate was isolated by
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centrifugation at 4,000 rpm for 5min and left to dry at room
temperature (this product was labeled as γFe-OA and used
further for the hybridization with GO as described below). The
synthesized nanoparticles were further dispersed in an acetic
acid solution (50 wt%) in order to remove the oleylamine and
obtain the pristine iron nanoparticles. The mixture was stirred
for 2 h and then washed several times with distilled water and
dried at room temperature (this product was labeled as γFe).
Synthesis of GO-Oleylamine- γ-Fe2O3 (GO-OA-γFe)
GO was firstly modified with oleylamine (OA) to create
organophilic graphite oxide (Yang et al., 2012). In a typical
procedure, 300mg GO were dissolved in 150mL distilled water
and stirred for 24 h. At the same time, 0.9 g oleylamine were
dispersed in 50mL ethanol. The oleylamine solution was added
dropwise to the GO dispersion. The new suspension was
stirred for 24 h, followed by four washes with a 50% solution
of water/ethanol. The GO derivative was air-dried at room
temperature. For the synthesis of the hybrid nanoparticle, 9mg
γ-Fe functionalized with oleylamine (γFe-OA) were dissolved
in 20mL CHCl3 and placed in an ultrasonic bath for 5min.
At the same time 3mg GO-OA were added in 30mL CHCl3
and sonicated for 5min. The GO-OA-γFe was synthesized by
addition of the GO-OA solution to the γFe-OA solution and
incubation for 24 h under stirring. Finally, the resulted material
was washed several times with chloroform and dried at room
temperature.
Synthesis of GO-γ-Fe2O3 (GO-γFe)
In situ synthesis of the hybrid nanomaterial GO-γFe took place
through the following procedure (Xu et al., 2008); 50mg GO
were dispersed in 30mL ethanol and 600mg [Fe(Nitrate)] were
dispersed in 20mL ethanol. The two solutions were mixed
under stirring for 30min. Thereafter the mixture was heated
at 100◦C under continuous stirring for 1 h. After cooling to
room temperature, the hybrid nanoparticles were centrifuged
and washed with ethanol several times, to clean the nanoparticles
from any impurities.
Characterization
Atomic Force Microscopy Studies
AFM images were obtained in tapping mode with a 3D
Multimode Nanoscope, using Tap-300G silicon cantilevers with
a tip radius < 10 nm and a force constant of ≈ 20–75N m−1.
Samples were deposited onto silicon wafers (P/Bor, single side
polished) from aqueous solutions by drop casting.
X-Ray Diffraction Analysis
XRD patterns of γFe nanoparticles and all carbon nanostructures
were collected on a D8 Advance Bruker diffractometer with Cu
Kα radiation (40 kV, 40mA) and a secondary-beam. The core
size of nanoparticles was calculated using the Scherrer equation
and the interlayer distance was calculated using Bragg equation
(Bragg and Bragg, 1913).
TG/DTA Analysis
Thermogravimetric analysis (TG) and differential thermal
analysis (DTA) were performed using a PerkinElmer Pyris
Diamond TG/DTA instrument. Samples of approximately
3–3.5mg were heated under air flow gas (100 mL/min) from 30
to 800◦C, with a 5◦C/min heating rate.
FTIR Measurement
FTIR spectra in the range of 400–4,000 cm−1 weremeasured with
a FTIR-8400 infrared spectrometer (Shimadzu, Tokyo, Japan)
equipped with a deuterated triglycine sulfate (DTGS) detector.
A total of 64 scans were averaged for each sample with 2 cm−1,
using KBr pellets containing ca. 2 wt% sample.
Immobilization
Covalent Immobilization of bgl on GO-C2-NH2
In a typical procedure, 15mg GO-C2-NH2 were added in the
appropriate volume of citrate-phosphate buffer (100mM, pH 5.0)
and sonicated for 30min. Glutaraldehyde was then added at a
final concentration of 0.1M and the solution was incubated for
1.5 h at 30◦C, under constant stirring. Thorough centrifugation
followed to remove the glutaraldehyde excess. The activated
GO-C2-NH2 was re-dispersed in 8mL citrate-phosphate buffer
(100mM, pH 5.0) and sonicated for 10min. 7.5mg of bgl were
added to the solution and the mixture was incubated for 1.5 h
at 30◦C, under constant stirring. The solution was centrifuged,
washed with citrate-phosphate buffer (100mM, pH 5.0) and
dried over silica gel. This product was labeled bgl/GO-C2-NH2.
Covalent Immobilization of bgl on GO-OA-γFe
In a typical procedure, 8mg of GO-OA-γFe were added to the
appropriate volume of citrate-phosphate buffer (100mM, pH 5.0)
and sonicated for 30min. Glutaraldehyde was then added at a
final concentration of 0.5M and the solution was incubated for
1.5 h at 30◦C, under constant stirring. Thorough centrifugation
followed to remove the glutaraldehyde excess. The activated
nanomaterial was then re-dispersed in 6mL citrate-phosphate
buffer (100mM, pH 5.0) and sonicated for 10min. 2.5mg of bgl
was added to the nanomaterial solution and the mixture was
treated as described for the immobilization on GO-C2-NH2. This
product was labeled bgl/GO-OA-γFe.
Covalent Immobilization of bgl on GO-γFe and γFe
The nanomaterials were firstly modified with APTES to
add terminal amine groups on their surface. In a typical
procedure, 7.9 or 15mg GO-γFe or γFe, respectively, were
dispersed in 1.5mL ethanol and sonicated for 30min. 0.3mL
APTES was added to the solutions and incubated at 25◦C
for 24 h. The solutions were centrifuged and washed with
distilled water various times. The functionalized nanomaterials
were re-dispersed in citrate-phosphate buffer (100mM, pH
5.0). Glutaraldehyde was added to the solutions at a final
concentration of 0.5M, and the mixtures were incubated for
24 h at 30◦C. Centrifugation and several washes followed to
remove the glutaraldehyde excess. The activated nanomaterials
were re-dispersed in 6mL citrate-phosphate buffer (100mM,
pH 5.0) and 8.6 or 7.2mg of the enzyme was added to
the GO-γFe or γFe solution, respectively. The mixtures were
incubated at 25◦C for 24 h, under constant stirring. The
immobilized enzyme was separated by centrifugation and the
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mixtures were treated as described for the immobilization
on GO-C2-NH2. The products were labeled bgl/GO-γFe and
bgl/γFe.
Determination of Immobilization Yield
The amount of immobilized enzyme was determined by
calculating the protein concentration in the supernatant after the
immobilization procedure using the Bradford method (Bradford,
1976). Loading was estimated as the difference between the
amount of protein in the supernatant after immobilization and
the amount of initial protein.
Determination of Free and Immobilized bgl
Activity
The enzymatic reaction (0.02 mg/mL free or immobilized bgl)
was performed at 40◦C, in citrate-phosphate buffer (100mM
pH 5.0), with reaction time of 10min. Two millimolars pNPG
were added and the reaction was stopped with the addition of
0.5mL Na2CO3 (10% w/v). The activity of bgl was measured
using pNPG as a substrate which is converted to a colored
product p-nitrophenol (pNP). The concentration of pNPG in
the reaction mixture was 2mM. The enzymatic reaction was
stopped after 10min with the addition of 0.5mL Na2CO3 (10%
w/v). The activity of bgl was determined by measuring the pNP
concentration at 410 nm using appropriate standard curve. One
bgl unit (U) was defined as the amount of enzyme required to
release 1 µmol of pNP per minute under above experimental
conditions.
The effect of temperature was studied by measuring
the activity of both free and immobilized bgl at different
temperatures (ranging from 30 to 75◦C). Similarly, the effect
of pH was studied by measuring the activity of both free and
immobilized bgl at pH values ranging from 4.0 to 6.0.
Stability
Free or immobilized bgl (0.02 mg/mL) was incubated in citrate-
phosphate buffer (100mM, pH 5.0) at 60◦C. The half-time
constants were calculated by measuring the remaining activity
through the pNPG hydrolysis as described before. In the case of
immobilized enzyme, the samples were first sonicated to achieve
a well-dispersed mixture.
Reusability of Immobilized bgl
The enzymatic hydrolysis of pNPG was chosen as test case
in order to investigate the reusability of immobilized bgl. The
reaction mixture (1mL) contained 2mM pNPG in citrate-
phosphate buffer (100mM, pH 5.0) and 0.02 mg/mL of
immobilized bgl; it was incubated at 50◦C under stirring at 800
rpm for 24 h. After each reaction cycle, the immobilized bgl
was separated by centrifugation and washed three times with
citrate-phosphate buffer (100mM, pH 5.0). Immobilized bgl was
repeatedly used 12 times. The activity determined in the first
cycle was taken as control (100%) for the calculation of remaining
activity (in percent).
RESULTS AND DISCUSSION
Characterization of the Synthesized
Nanomaterials by XRD
A first indication about the structure and size of the synthesized
iron nanoparticles (γ-Fe) can be gained from the X-ray
diffraction data shown in Figure 1. The peaks appearing in the
range of 20◦ and 80◦ can be assigned to the crystallographic
Miller planes [211], [220], [311], [400], [422], [511], [440]; more
specifically, the iron nanoparticles show the spinel structure with
JCPDS No: 04-0755. Table 1 illustrates the position of peaks
(degrees) and the size of iron nanoparticles as calculated by
applying the Scherrer equation. From Table 1, the average core
size of the nanoparticles was calculated to amount to 4.95 ±
0.51 nm.
Figure 2 displays a comparison of the X-ray diffraction
patterns from the synthesized carbon materials GO, GO-OA,
and GO-C2-NH2 as well as from the hybrid nanostructures
GO-γFe and GO-OA-γFe. Supplementary information presents
the whole XRD graphs of GO-γFe and GO-OA-γFe where
the Miller planes [311], [533] for GO-γFe, and [311] for GO-
OA-γFe, of maghemite (γ-Fe2O3) can be observed (Figure
S1 in Supplementary Material). For GO the peak located at
11.23◦ corresponds to the 001 reflection of adjacent graphene
layers; after the interaction of oleylamine and ethylene diamine
molecules with graphene oxide (GO-OA, GO-C2-NH2) this peak
FIGURE 1 | X-Ray diffraction pattern of the γFe nanoparticles.
TABLE 1 | The position of peaks (degrees) and the size of γFe nanoparticles.
Degrees (◦) Core size of iron nanoparticles,
d (nm)
30.14 4.88 ± 0.36
35.69 4.33 ± 0.29
43.19 5.55 ± 0.13
57.11 4.97 ± 0.24
62.90 5.03 ± 0.62
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FIGURE 2 | X-Ray diffraction for the nanomaterials GO, GO-OA, GO-OA-γFe,
GO-γFe, and GO-C2-NH2.
is seen to have shifted to lower angles. More specifically 4.5◦
for GO-OA and 10.8 for GO-C2-NH2, indicating the successful
intercalation of oleylamine and ethylene diamine between the
interlamellar galleries of GO. Due to this intercalation the
interlayer distance between graphene layers increased from a
basal spacing of d001 = 7.9 Å for GO (determined by the oxygen
containing functional groups) to a basal spacing of d001 = 19.6
Å for GO-OA and d001 = 8.6 Å for GO-C2-NH2. Furthermore,
in Figure 2 (blue line), one notes that the (001) reflection is
not observed in the case of the GO-OA-γFe hybrid material,
possibly due to the total exfoliation of the graphene layers after
the interaction with the γFe nanoparticles. Moreover, the hybrid
material GO-γFe (olive green) seems to maintain its layered
structure, meaning that γFe nanoparticles attached only on the
surface of the layered GO.
TG/DTA Analysis of the Synthesized
Nanomaterials
In order to estimate the functionalization yield of the γFe
nanoparticles we carried out differential thermal analysis (DTA)
and determined the mass loss. Figure 3 shows the DTA curve and
the corresponding mass loss (TG %) and exhibits an exothermic
DTA peaks at around 130 and 262◦C, which are assigned to
the adsorbed water on the γ-iron oleylamine nanoparticles
and the removal of oleylamine, respectively (see Supplementary
Material). This same removal of oleylamine gives also rise to the
weight loss observed from 198 to 386◦C in the TG% curve that
allows to estimate the organic part as 39 wt%.
AFM Measurements
To confirm the size of the γFe nanoparticles and collect direct
evidence for the immobilization of bgl on γFe nanoparticles, we
collected AFMheight images of these samples depositited on a Si-
wafer; the micrographs are shown in Figure 4. Relatively isolated
and uniform γFe particles and bgl/γFe conjugates without
aggregation can be observed. The average heights of the pristine
FIGURE 3 | Thermal (DTA, black) and thermogravimetric (TG%, blue) analysis
of γFe nanoparticles.
γFe and the immobilized enzyme range in the areas of 2.5–4.5 nm
estimated by an average count size of at least 100 particles, (see
Supplementary material, Figure S3) and 13–14 nm, respectively,
as derived from the topographical height profile (section analysis)
indicating the successful attachment of bgl to the nanoparticles.
Moreover, AFM height images of GO-γFe and bgl
immobilized on GO-γFe, both deposited on a Si-wafer, are
shown in Figure 5. In the left top panel few micrometers large
GO flakes covered with spherical objects are clearly visible; the
average height of these spheres as derived from topographical
height profile was 3 nm, which agrees with the diameter of the
γFe nanoparticles as determined from the XRD patterns and
hence proves the successful decoration of the GO with the γFe
nanoparticles. In the center and right top panels bgl molecules
are observed on the surface of the hybrid GO-γFe; the size of the
attached bgl on the GO sheets is estimated between 16 and 25 nm.
This size is much larger than the size of a single bgl molecule,
indicating that agglomeration must have occurred upon protein
immobilization. In both cases, the average thickness of the GO
flakes is found to be 0.8 nm, which corresponds to the thickness
of a single graphene oxide layer.
A typical AFM image of bgl/GO-C2-NH2 deposited on a
Si-wafer is shown in Figure 6. Isolated nanosheets with an
average thickness of 0.85 nm are observed (as calculated from the
cross section analysis), which identifies them as single graphene
oxide layers functionalized with C-NH2. Moreover the surface
of the nanosheets shows a uniform and dense coverage with bgl
molecules, revealing the successful protein immobilization.
Immobilization Yield and Activity of
Immobilized bgl
In the present study, functionalized GO, magnetic nanoparticles
(γFe) as well as hybrid nanomaterials of γFe and GOwere used as
nanosupports for the covalent immobilization of β-glucosidase.
In the cases of γFe and GO-γFe, further functionalization
with APTES was performed in order to add free amine
Frontiers in Materials | www.frontiersin.org 5 April 2018 | Volume 5 | Article 25
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FIGURE 4 | AFM height images (Top) and cross section analysis (Bottom) of γFe nanoparticles (Left) and bgl/γFe (Right).
FIGURE 5 | AFM height images (Top) and cross section analysis (Bottom) of GO-γFe nanoparticles (Left) and bgl/GO-γFe (Center and Right).
groups on the surface of the nanomaterials for the cross-
linking with the free amine groups on the surface of the
enzyme. The successful functionalization of the nanomaterials
with APTES was confirmed by FTIR spectroscopy (Figure
S4 in Supplementary Material). The highest immobilization
yields for grafting bgl to different supports, as well as
the activities of free and immobilized bgl are presented
in Table 2. It is expected that the structural characteristics
of a nanomaterial, namely composition, size, surface area,
functional groups and geometry, affect the immobilization
yield, and the enzyme activity (Pavlidis et al., 2014). Moreover,
the enzyme to support mass ratio could also affect the
immobilization efficiency and the activity of immobilized
enzymes (Pavlidis et al., 2012b; Samaratunga et al., 2015).
In the present work, various enzyme to support mass ratios,
ranging from 0.3 to 1.1, have been tested in order to
optimize the immobilization yield and activity of bgl (data
not shown). The optimal ratios, regarding the activity of
immobilized enzyme, are described in theMaterials andMethods
section.
The immobilization yield of β-glucosidase apparently
depends on the nature of the nanomaterial used. More
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FIGURE 6 | AFM micrograph (Left) and cross section analysis (Right) of bgl/GO-C2-NH2.
TABLE 2 | Activity of free and immobilized bgl and immobilization yield (%) of bgl,
calculated as the concentration ratio of protein immobilized on nanomaterials to
the initial protein quantity used (standard deviation was less than 3% in all cases).
Sample U/mg protein Immobilization yield (%)





specifically, the highest immobilization efficiency was
observed for bgl on iron-based nanomaterials, rather than on
functionalized GO. Similar immobilization efficiencies have been
previously reported for bgl on magnetic nanoparticles (Ricco
et al., 2014) or GO-iron nanoparticles hybrid nanomaterials
(Gokhale et al., 2013; Ricco et al., 2014). It is interesting to
note that the type of amine groups on the surface of the hybrid
nanomaterial seems to affect the immobilization efficiency. In
the case of bgl/GO-OA-γFe, the enzyme covalently binds to
the secondary amines of oleylamine, while for bgl/GO-γFe,
bgl binds to the free terminal amine groups of APTES. The
higher immobilization yield observed for bgl/GO-γFe might
derive from the higher accessibility of the free primary amines of
APTES.
The catalytic activity of immobilized bgl is lower than that
of free enzyme (Table 2). The covalent immobilization is known
to affect the activity of the enzymes, due to conformational
changes produced by the grafting (Patila et al., 2016a). It must
be noted that the catalytic activity of the immobilized bgl does
not seem to depend on the enzyme loading. This observation
could be attributed to the different interactions between enzyme
and nanomaterials that could affect the availability of the
active sites of the enzyme to the substrate molecules, and thus
the expressed activity of the immobilized biocatalyst (Pavlidis
et al., 2014).The lowest activity was observed in the case of
bgl/GO-C2-NH2, which correlates with the low enzyme loading
on this nanomaterial. On the contrary, the highest activity
of immobilized bgl was achieved when graphene oxide and
iron nanoparticles were used together as hybrid immobilization
matrices. The high surface area of GO leads to specific
interactions with the enzyme, which may induce conformational
changes in the protein, leading to an increased hydrolytic activity
(Serefoglou et al., 2008; Patila et al., 2013). Moreover, the small
size of iron nanoparticles, as well as their high specific surface
area, increases the flexibility of the enzyme, which in turn induces
a high hydrolytic activity (Abraham et al., 2014). This specific
combination of interactions with the protein molecules probably
does not occur for bgl/γFe alone or for bgl/GO-C2-NH2, where
the activity of bgl is consequently lower.
Effect of Temperature and pH on the
Activity of Immobilized bgl
The enzyme activity of free and immobilized bgl was determined
at various temperatures ranging from 30 to 80◦C; the results
are shown in Figure 7A. In all cases studied, the immobilized
bgl exhibits higher relative activity in the temperature range
30–50◦C, indicating that the immobilized enzyme exhibits a
better heat resistance than the free enzyme, in accordance with
a previous report (Zang et al., 2014). The activity of the free bgl
increased up to a temperature of 60◦C, while for the immobilized
enzyme an activity increase up to 70◦Cwas registered, depending
on the immobilization support used. The highest relative activity
at high temperature was observed for bgl/GO-C2-NH2 and
bgl/GO-OA-γFe, where the enzyme retained up to 100 and
50% of its activity at 70 and 80◦C, respectively. This result
demonstrates the effectiveness of the supports to protect the
enzyme molecules at higher temperature. The shift of the
optimum temperature to higher values may be attributed to
conformational changes of the enzyme upon immobilization (El-
Ghaffar and Hashem, 2010). A similar increase of the optimum
temperature for the catalytic activity of immobilized bgl on
various supports has been also reported previously (Zhou et al.,
2013; Song et al., 2016).
The relation between the pH of the buffer and the catalytic
activity of free and immobilized bgl is presented in Figure 7B.
A higher enzyme activity of both the free and the immobilized
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FIGURE 7 | Effect of (A) temperature and (B) pH on the relative activity of free and immobilized bgl. One hundred percentage indicates the highest activity exhibited
each time either by free enzyme or the nanobiocatalyst tested.
enzyme was observed at pH 5.0; a similar pH profile has
been reported for the immobilization of bgl on iron magnetic
nanoparticles (Abraham et al., 2014), while other studies
demonstrated that immobilized bgl on magnetic nanoparticles
reaches its maximum activity at pH 4.0 (Ahmed et al., 2013; Zhou
et al., 2013). In most cases, the immobilized bgl was found to
keep its activity in a pH range from 2.5 to 5.0, indicating that
the immobilized enzyme is less sensitive to the modification of
the pH than the free enzyme. Highest pH tolerance, either in
acidic or more alkaline pH values, was observed when γFe was
used as immobilization support. The increased pH stability of
the enzyme might be due to its covalent bonding to the support
(Yuan et al., 2016).
Thermal Stability of bgl
To determine the thermal stability of free and immobilized bgl,
the half-life constants, referred to the time required for the
enzyme to reach 50% of its initial activity, were determined after
incubation in citrate-phosphate buffer (100mM, pH 5.0) at 60◦C
(Table 3). As it can be seen, immobilized bgl exhibited two- to
four-fold higher half-times than the free enzyme. This proves that
the covalent immobilization of bgl onto magnetic nanoparticles,
functionalized GO, and GO-magnetic nanoparticle hybrids
results in more stable biocatalysts as compared to the native
soluble enzyme. A similar improvement of the stability of bgl
has been reported previously, where different materials were
used for the covalent immobilization of the enzyme (Ahmed
et al., 2013). The observed improvement in the thermal stability
of immobilized bgl comparing to the free enzyme may result
from the combined action of a reduced molecular mobility
and an improved conformational stabilization of the enzyme
induced by the covalent bonding of bgl to the nanomaterials
(Figueira et al., 2011; Patila et al., 2016a). It is interesting
to note that bgl/GO-OA-γFe exhibits significant higher half-
life constant than bgl/GO-γFe. The addition of the long
alkyl chain of OA is expected to enhance the hydrophobic
interactions between the nanosupports and the enzymemolecule,
leading to a less flexible and thus more stable enzyme
(Pavlidis et al., 2012b).
TABLE 3 | Half-time constants of free and immobilized bgl after incubation at
60◦C.
Sample half life (h)
Free bgl 0.66 ± 0.05
bgl/GO-C2-NH2 1.34 ± 0.20
bgl/GO-OA-γFe 1.70 ± 0.08
bgl/γFe 2.93 ± 0.10
bgl/GO-γFe 1.05 ± 0.15
Reuse of Immobilized bgl
The reusability of the enzymes is an important characteristic
for their potential large-scale or industrial applications. Soluble
enzymes cannot be separated from the reaction media and used
further for more catalytic cycles. Immobilization of enzymes
onto nanosupports offers the possibility to use them in repeated
batches, lowering in this way the cost of the process.
To prove that this is indeed possible for immobilized bgl, our
hybrid biocatalysts were applied for repeated cycles of pNPG
hydrolysis at 50◦C. As seen in Figure 8, the immobilized bgl
retains up to 31% of its relative activity after 12 repeated reaction
cycles. The reduction of the enzyme activity during repeated use
might be caused by several factors, including the end-product
inhibition and protein denaturation (Jordan et al., 2011; Zang
et al., 2014). The remaining relative activity of the immobilized
bgl depends on the nanomaterials used as supports.
The presence of iron nanoparticles onto hybrid nanomaterials
of GO seems to enhance the operational stability of immobilized
bgl. The highest operational stability was observed in the case
of bgl/GO-OA-γFe, where the enzyme kept up to 40% of its
initial activity even after 12 reaction cycles. This observation
is in accordance to the beneficial effect of GO-OA-γFe on
the thermal stability of bgl, as described before (Table 3). The
combined characteristics of GO and iron nanoparticles result in
the development of a larger surface area of nanosupport (Zubir
et al., 2014), as the presence of γFe can act as a spacer to prevent
the stacking of GO sheets, avoiding the loss of its high active
surface area (Novoselov et al., 2005). Moreover, GO prevents
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FIGURE 8 | Reusability of immobilized bgl for the hydrolysis of pNPG.
the agglomeration of nanoparticles and enables their distribution
(He et al., 2013), leading to the formation of a large total surface
area (Su et al., 2011; Song et al., 2012). The enhanced surface area
of these hybrid nanomaterials could facilitate the development of
specific interactions with enzyme molecules, resulting thus to the
formation of more robust nanobiocatalysts.
CONCLUSIONS
Hybrid nanostructures of graphene oxide and magnetic iron
nanoparticles were synthesized and used for the development
of novel nanobiocatalysts through the covalent immobilization
of bgl. The immobilization yield, as well as the catalytic activity
of the immobilized enzyme, strongly depend on the nature
of the nanomaterials used as immobilization supports. The
immobilized enzyme exhibits higher thermal and operational
stability, as well as higher pH and temperature tolerance, than
the free enzyme. Among the nanomaterials used, GO-OA-γFe
exhibits the most beneficial effect on the thermal and operational
stability of the enzyme which is attributed to the presence
of OA that enhances the hydrophobic interactions between
the nanosupport and the enzyme molecule and thus leads to
a more stable enzyme. Moreover, hybrid nanomaterials that
combine GO and γFe nanoparticles result in nanosupports
with enhanced total surface area that promote stronger
interactions with bgl leading to the preservation of the catalytic
properties of the immobilized enzyme. The high catalytic activity
against various reaction conditions together with the enhanced
thermal and operational stability, make these hybrids promising
nanobiocatalytic systems for use in the degradation of cellulose
and other biotransformations of industrial interest.
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